Abstract -Transition metal complexes exhibit several distinct~ve types of reactions leading to the foruiation of free radicals, notably:
INTRODUCTION
The theme of free radical mechanisms in coordination chemistry is an old one as manifested by such long familiar examples as the catalytic roles of metal salts (cobalt, manganese, copper, etc.) in the autoxidation of organic compounds. However, research and developments in the fields of coordination chemistry and of homogeneous catalysis during the past several decades have tended to deemphasize this theme and to focus for the most part, instead, on processes such as hydrogenation, carbonylation, hydroformylation and certain oxidation reactions which proceed through non-radical mechanisms of the type depicted in Table 1 , namely mechanisms involving organemetallic intermediates (typically 16-or 18-electron species) and characteristic sequences of "twoelectron" component steps such as oxidative addition, migratory insertion and reductive elimination (1-4). The emphasis on such processes has been reinforced by the highly novel chemistry associated with them, as well as by important and distinctive applications, notably homogeneous catalytic processes of unusual selectivity such as asymmetric catalytic hydrogenation (S) . In view of this, it is noteworthy that some of the most recent developments in the fields of homogeneous catalysis and coordination chemistry have once again focussed attention on free radical mechanisms and suggest that such mechanisms are more important and widespread than previously suspected, not only in new contexts but also in the context of processes, for ex~ple certain hydrogenation and hydroformylation reactions, that have prev~ously been interpreted in terms of non-radical mechanisms (6) (7) (8) (9) . The present paper describes and discusses some of these developments and their implications.
GENERATION OF FREE RADICALS BY REACTIONS OF METAL COMPLEXES
Three distinctive and widespread processes in which free radicals are generate.d through reactions of metal complexes are depicted schematically by eqs. 1, 2 and 3, respectively.
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The first of these processes reflects the characteristic free-radical-like reactivities associated with certain complexes having unpaired electrons, notably 17-electron low-spin pentacoordinate complexes such as those of cobalt(II). The facile occurrence of the second type of .process reflects the characteristic "weakness" of meta:l-alkyl sigma-bonds. Correspondingly, the facile occurrence of the third type of process, as well as of analogous reactions involving H atom transfer from metal hydride complexes to other unsaturated organic molecules such as arenes, reflects the characteristic weakness of metal-hydrogen bonds. These themes and their applications are elaborated below.
GENERATION OF FREE RADICALS BY REACTIONS OF ORGANIC HALIDES WITH LOW-SPIN COBALT(!!) COMPLEXES
Although analogous reactions have been observed for other metal complexes, .for example of chromium(II) (10), processes of the type depicted by eq. 1 have been investigated most extensively for low-spin cobalt(II) complexes, in the first instance pentacyanocobaltate(II) (11, 12) and, subsequently, for bis(dioximato-) and for Schiffsbase cobalt(Il) complexes (13-15). The characteristic reactions of pentacyanocobaltate(II) with methyl and benzyl haUdes are dep:l.cted by the scheme of eqs. 4-6, in which the initial halogen abstraction step (eq. 4) is rate-determining (11, 12) .
For radleals containing ß-hydrogen ~toms such as ethyl or isopropyl, 
[H-:
The reactions whareby the free radleals R· are consumed in these systems, i.e.
eqs. 11-13 (where LnM· = [Co(CN)sJJ-for the cases cited) are all sufficiently fast that they compete effectively with the radical coupling process, 2R· ~ R 2 , and no formation ~f R2 can be detected. From such competition studies it can be deduced that reactlons 11-13 must a11 proceed at rates that are close to diffusion-contro11ed and that the activation barriers for such reactions do not exceed a few kcal/mole.
I't should be noted that reactions (11) and (12) correspond to the reverse of reactions (2) and (3), respectively. Hence, the activation. enthalpy (AH*) of each of the two latter processes (i.e., eqs. 2 and 3) is expected tobe close to the corresponding enthalpy of reaction (AHO) as depicted in Fig; 1 . 
HOMOLYTIC DISSOCIATION OF METAL-ALKYL BONDS
Reliable data concerning metal-alkyl band dissociation energies are very sparse (16) . For binary (homoleptic) alkyls of the ~ype MRn, mean band dissociation energies can be deduced from heats of formation or tne-parent compounds. Such data, summarized in Table 2 , are rairly accessible for stable non-transition metal alkyls such as PbR4, Sn~ and HgR2, and have recently been determined for a few transition metal .alkyls, e.g., Ta(CH3)5 and W(CH3) 6 . Typical mean metal alkyl band dissociation energies in compounas of this type are fairry-low, commonly in the range 30-40 kcal/mole. While this reflects on the general weakness of metal-carbon sigma bonds, there may be considerable discrepancies between such mean band dissociation energies and the co.rresponding individual band dissociation energies in the same compounds, e.g., thermochemical determination of such bond dissociation energies, i.e., from heats of formation of the parent compounds, usually is not feasible because the heat of formation of the L"M· fragment rarely is accessible to measurement. One such determination fias yielded a value of ca 30 kcal/mole for the Mn-C bond dissociation energy of CH~-Mn(CO)s (17), a surprisingly low value in view of the high apparent stabil1ty of this compound. While it is premature to generalize on the basis of such limited data, the pattern of weak metal-alkyl bond dissociation energies does seem to extend also to other compounds of this type.
We have been exploring kinetic approaches to the estimation of metal-alkyl band dissociation energies. In view of the evidence cited earlier for low activation barriers for the recombination of alkyl radicals with 17-electran metal complexes (i.e., metal-centered radicals), the activation energies for the homolysis of metal-alkyl bonds should approximate the corresponding bonddissociation energies. The estimation of such activation energies is not always Straightforward because of complications arising from accompanying alternative reactions (for example, ß-elimination of olefins, migratory insertion of CO ligands, etc.) or from secondary reactions of the initiallyproduced alkyl radicals. In certain cases, however, such complicatians may be circumvented and kinetic methods, of considerable potential generality, may be employed to estimate metal-alkyl bond dissociatian energies.
We have applied this approach with apparent success to the estimation of the benzyl-manganese band dissociatian energies in C6H5CH2-Mn(C0)5 and in some related compounds of the type, R-X-C6H4CH2-Mn(C0)5 and R-X-C6H4CH2-Mn(C0)4-(PR~) (18) . C6H5CH2-Mn(C0)5 reacts cleanly with H-Mn(C0)5 with rates canven1ently measurable in the temperature range 40-80°C, according tg the ftoichiometry of eq. 14 and the rate-law, eq. 15, where k 15 (2.0 x 10-sec-at 450C) is independent of the concentration of H-Mn(C0)5. Measurements of the temperature dependence of k15 yield the activation parameters, ~H*15 = 25 kcal/mole and ~8*15 = 0 cal/mole deg.
RATE (15)
These observations are plausibly interpreted in terms of the mechanistic sequence of eqs. 16-18. 
The identification of äH* 15 with the C6H5CH2-Mn(C0)5 bond dissociation energy, according to this interpretation, yields a value of ~ 20-25 kcal/mole for the latter. This is consistent with the value expected from the thermodhemically-determined corresponding band dissociation enerby (ca 30 kcal/mole) of CH3-Mn:(C0)5 (17) . A puzzling issue that remains tobe resolved in connection with this system is the observation that the thermal decomposition of C6H5CH2-Mn(C0)5, in the absence of H-Mn(C0)5 (or of other radical trapping agents), is much slower than corresponds to kl5· This suggests that in the absence of such radical trapping agents, selective recombination of C6H5CH2· and ·Mn(C0)5 to reform C6H 5 CH2Mn(C0)5 is favored relative to the alternative self-coupling reactions to form (C6H5CH2) and Mn2(CO)lO· The reasons for this behavior are presently unclear and the investigat1on of this and related systems is continuing.
The results of analogous studies (18) 
A cansiderable body of evidence has accumulated in support of the mechanistic scheme depicted below for these reactians. This mechanism encompasses the following sequence of steps: (i) enzyme-induced homolysis of the cobaltcarban band of the coenzyme to generate vitamin B1 2 [i.e., cobalamin(Il)J and a 5' -deoxyadenosyl radical (abbreviated RCH2 ·) , r (ii) H-atom abs.tractian from the substrate by RCH2· to generate a substrate radical and 5'-deoxyaden.osine (RCH3), (iii) rearrangement of the resulting substrate radical (through a mecfianism which is not fully understood and which probably differs fram substrate to substrate), and (iv) abstractian of a H~atom from~CH3 by the rearranged substrate radical to complete the rearrangement reactian (19) (20) (21) According to this the principal role of the organometallic cofactor in these reactians, i.e., of coenzyme B12• is to serve as a precursor for an organic free radical, a role associated with the characteristic weakness of the transitian metal-alkyl bond.
FREE RADICAL MECHANISMS OF HYDROGENATION
Some of the available data cancerning metal-hydrogen band dissociation energies are summarized in Table 3 . Two· types of data are included, namely (i) dissociatian energies of gaseous diatomic hydrides whi.ch can be deduced from spectroscopic measurements, and (ii) M-H band dissociatian energies of some complex hydrides, deduced from measurements of the temperature-dependence of reversible reactians with H 2 (e.g., eqs. 25-27).
(25) (26) (27) Most of the M-H bond dissociation energies 1isted in Tab1e 3 are c1ose to 60 kca1/mo1e, a va1ue which appears to be re1ative1y insensitive to quite marked variations of the nature of the meta1 and of the other 1igands. Using this typica1 va1ue for the LnM-H bond dissociation energy and the k~own heats of formation of the ethy1 and pheny1ethy1 free radica1 products, the entha1pies of reactions (28) and (29) can be estimated to be ca 25 and 15 kca1/mo1e, respective1y. Corresponding estimates for the transfer of H-atoms from meta1 hydrides to other unsaturated mo1ecules are 1isted in Tab1e 4. As previous1y noted (cf. Fig. 1 ) the activation barriers for the reverse reactions (e.g., LnM· + RCH2CH2· ~ LnM-H + RCH=CH2, etc.) are typica11y sma11 and therefore the activation entha1pies of reactions such.as (28) and (29) are expected to be c1ose to the corresponding entha1pies of reaction.
The estimated activation entha1py of reaction (29), i.e., ca 15-20 kca1/mo1e, is sufficient1y 1ow that this process is expected to occurWith appreciab1e rates at moderate temperatures, be1ow 100°C. This has been confirmed in studies on the hydrogenation of a-methy1styrene by HMn(C0)5 which has been shown, by app1ication of the CIDNP technique as we11 as by kinetic and isotopic tracer measurements, to proceed through the mechanistic sequence of eqs. 30-32 (9). The hydrogenation of anthracene to 9,10-dihydroanthracene by meta1 hydrides such as H-Mn(C0) 5 or H-Co(C0)4, which proceeds readi1y at temperatures in the regeneration by reaction of H2 with the corresponding dehydrogenated complexes (i.e., Coz(C0)8 and Co(CN)53-, respectively) occurs under milder conditions so that catalytic cycles corresponding to the overall hydrogenation reaction (38) and encompassing the reaction sequence (34)-(37), followed by reaction (39), can be achieved (23, 8) .
The kinetics and distinctive selectivity patterns of the HCo(C0)4-catalyzed homogeneaus hydrogenatian of polycyclic arenes (e.g., the selective hydrogenatian of naphthalene to tetralin) have recently been interpreted in terms of such free radical mechanis,s (8) . Analogaus mechanisms have previously been invoked for the HCo(CN)s --catalyzed hydrogenation of styrene and of a,ß-unsaturated olefinic compounds (24) (25) (26) (27) .
Recently, Rathke and Feder (28) have described the HCo(C0) 4 -catalyzed hydrogenation of CO to yield, as primary products, methanol and methyl formate which are canverted through further homologation reactians to higher alcohols and esters. The observed activatian e~ergy for this reactian, i.e., 41 kcal/mole, is close to the enthalpy of reactian (40) (cf. Table 4 ) possibly implying a free radical mechanism involving this reaction as a step (28) . Whatever the mechanism, this system encompasses the first demanstration of a mananuclear catalyst for the homogeneaus hydrogenation of CO.
These examples of the hydrogenatian of olefins, arenes and CO, illustrate the widespread demonstrated and potential roles of free radical mechanisms, initiated by H-atom transfer from metal hydrides to unsaturated substrates, in homogeneaus catalytic hydrogenation and related processes. Furthermore, the cansideratians discussed prompt reconsideratian of certain reactians which have previotisly been interpreted in terms of other mechanisms. One such case is that of the HCo(CO)~-catalyzed hydrogenatian of arenes, interpreted above in terms of the mechanistic sequence of eqs. 34, 35, 36 and 38, which had previously (29) been interpreted in terms of an alternative mechanism involving organemetallic intermediates formed by "concerted" addition of Co-H to the arene. Another case that warrants reexaminatian is the hydroformylatian reactian (eq. 41) which is generally interpreted in terms of the mechanistic sequence depicted in Table 1 , involving coordination of the olefin to the cobalt atom, insertion into the Co-H band to form an alkyl-cobalt complex, insertion of CO into the resulting cobalt-carban band to form an acyl-cobalt complex, and "hydrogenolysis" of the latter to regenerate the starting cobalt hydride.
While there is no reasan to questian the validity of such a mechanism in the case of "simple" olefins such as propylene, its applicability to the hydroformylatian of styrene (and, correspandingly, to a,ß-unsaturated compounds) is open to serious question. Our earlier estimate of ~ 15-20 kcal/mole for the activation energy of reactian (29) suggests that such a process should be occurring for styrene and related olefins under typical hydroformylatian conditians (i.e., ca 100-150°C) at rates of the order of those observed for hydroformylatian-and competitive with those of the "conventional" hydroformylatian mechanism. This suggests an alternative free-radical mechanistic pathway for hydroformylatian which is elaborated in Fig. 2 . · This scheme, as applied to an olefin such as styrene, predicts several distinctive results which do not followreadily from the alternative "canventianal" mecha.ilism, namely (i) a higher olefin-hydrogenatian to hydroformylatian ratio, (ii) a higher ratio of methyl-brahched to normal aldehyde, and (iii) the production of optically active aldehyde but essentially racemic hydrocarban (i. e. , hydrogenatian product) when a prochiral olefin _such as a-ethylstyrene is reacted with CO and H 2 in the presence of a chiral hydroformylatian catalyst. All three of these predictians are consistent with the results reported for the hydroformylatian of styrene and related substrates (30) .
Finally it should be noted that the results of the studies cited earlier pertaining to reactians (19) - (22) suggest a plausible mechanism, represented by eqs. 42-44, for the final stage of the canventianal cobalt carbanyl-catalyzed hydroformylatian reactian sequence (i.e., the generation of aldehyde from the 
